Intersex, the appearance of female characteristics in male gonads, has been identified in several aquatic species. It is a widespread phenomenon in populations of the bivalve, Scrobicularia plana, 
Introduction
Xenobiotics can interfere with normal gonad development and potentially alter the population structure (Kidd et al., 2007; Lange et al., 2011) . Endocrine disrupting chemicals (EDCs), in particular, disrupt the reproductive endocrine system and may cause various biological impacts such as imposex (Strand et al., 2003; Lima et al., 2011) , and intersexuality (Kidd et al., 2007; Jobling et al., 2002) . Focussing on molluscs, intersex has been reported in several species worldwide including Littoraria angulifera (Costa et al., 2013) , Ruditapes sp. (Ponurovsky & Yakolev 1992; Delgado et al., 2001; Lee et al., 2010) , Crassostrea gigas (Lee et al., 2010) , Plaxiphora aurata (Scarano & Ituarte 2009) , Mytilus galloprovincialis (Ortiz-Zarragoitia & Cajaraville 2010) and Scrobicularia plana (Chesman & Langston 2006; Langston et al., 2007; Gomes et al., 2009; Fossi Tankoua et al., 2012) . There is evidence that intersex is a widespread phenomenon in the bivalve, S. plana, populations from the south coast of the U.K. (Chesman & Langston 2006 ; see also Pope & Langston, this volume) and France (Fossi Tankoua et al., 2012) , and also inducible in an experimental exposure regime using EDCs (Langston et al., 2007) . In S. plana intersex is characterised histologically by the occurrence of oocytes among normal testicular tissue (ovotestes) (Langston et al., 2007) .
Understanding the cause of the intersex condition in S. plana, and indeed other bivalves, is complicated due to natural sexual differentiation and lack of discreet reproductive organs in such species as follows. Sexual differentiation varies widely among bivalves, from species that are strictly of separate sexes, to those that are almost invariably functionally hermaphroditic. Several mechanisms of sex determination in molluscs are characterised (Vitturi et al., 1998; Guo et al., 1998; Kenchington et al., 2002; Breton et al., 2007; Ghiselli et al., 2012; Breton et al., 2011) .
Because of these variations in the expression of sexuality, in different species and within different individuals of the same species and at different points in life, the bivalve molluscs represent a challenging group in trying to determine the impact of EDCs. In bivalves, there is also no distinct 4 reproductive organ (male or female) and the germinal cells are in direct contact with the surrounding connective tissue (Osada et al., 2007) . The developmental stages of sperm and egg follow a similar morphological pattern as seen in vertebrates (Osada et al., 2007) . It has been suggested that the initiation of gametogenesis in bivalves depends on several environmental cues, such as temperature, salinity and food availability (Ginsberger-Vogel & Magniette-Mergault 1981) .
It is established that vertebrate-like steroids are present in various tissues of molluscs (Zhu et al., 2003; Mouneyrac et al., 2008) . A number of enzymatic activities and regulatory pathways in molluscs have also been characterised (Janer & Porte 2007) . Whilst the occurrence of vertebratelike sex steroids is not in doubt, their source and role in molluscs is less clear (Scott 2013) . To date, a relatively small number of gonad transcriptomic investigations have been conducted using bivalve molluscs (Ciocan et al., 2011; Boutet et al., 2008; Craft et al., 2010; Banni et al., 2011; LleraHerrera et al., 2013) . In these studies, a number of differentially regulated genes in mussel testes, including testis-specific kinases, vitelline lysin and envelope sequences, have been reported (Ciocan et al., 2011) . With complications of sexual differentiation and lack of discrete organs, determining the normal reproductive endocrinology and the underlying molecular level cause of induced intersex remain as challenges.
In recent work, gene transcripts involved in cell signalling, cell cycle control, energy production/metabolism, microtubule assembly, and sperm physiology were highlighted as differentially expressed in intersex male clams (Ciocan et al., 2012) . Herein, we further characterise a number of the intersex-associated differentially expressed transcripts and determine their expression in natural populations of clam along the U.K. and French coasts of the English Channel, of known EDC contaminant burden, in order to investigate their potential as biological effects markers of EDCs.
Materials and Methods

Animals
Scobicularia plana individuals (n=30) were sampled from more than 100 sites along the Channel coast, between June-July 2009, 2011 and 2012 as part of the DIESE project (see Pope et al, this volume) . The sampling sites focussed on in this study were, from west to east, as follows: Avon, Wytch Farm, Parkstone, Totton, St. Denys, Northam, Warsash, Le Havre and Berck respectively (Figure 1 ). Sites were chosen to represent a range of endocrine disrupting activities (anti-androgenic and estrogenic activities) present in sediments in the Transmanche region (see Alvarez-Muñoz et al; this volume) . At the point of sampling, the sex and reproductive status of individual clams was not externally visible. Clams were depurated in 50% seawater for 2 days (to eliminate sediment), before the gonads were excised. A small sample of gonad from each clam was examined histologically to determine sex and reproductive development stage. Chi-squared tests were performed on sex data to reveal any significant departure from a normal male:female ratio for clams sampled at each location. A piece of gonad (approximately 20 mg) from each clam was fixed in RNALater (Qiagen Ltd., Crawley, U.K.). A subset of individuals (39.1 ± 3.8 mm, SEM, n=9), consisting of mostly normal males with the exception of one normal female at Totton, Warsash and Wytch Farm, were randomly selected from each sampling site for molecular analyses.
Intersex incidence at sampling sites
The incidence of intersex at each sampling site was determined by histological examination of gonad tissue using criteria as described in Chesman & Langston (2006) .
In vitro measurements of endocrine disrupting activities.
Sediments were extracted using assisted Accelerated Solvent Extraction and the anti-androgenic activity of extracts was determined as flutamide equivalents using the AR CALUX bioassay as detailed in Alvarez-Muñoz et al (2014) . The estrogenic activity of extracts was measured as 17-βestradiol equivalents using a yeast recombinant estrogen receptor screen (YES) as described in Peck et al, 2004 .
Isolation of candidate genes associated with the intersex condition in male clam gonad tissue
Candidate genes for development as potential molecular markers of the intersex condition were isolated using the suppressive subtractive hybridisation (SSH) procedure detailed elsewhere (Ciocan et al., 2012 (Ciocan et al., 2012) , were selected for characterisation and validation in an environmental survey.
In order to isolate the entire cDNA sequence for each candidate gene, mRNA was purified from individual gonadal total RNA (1 µg) using SMART TM RACE cDNA amplification reagents and protocol (Clontech Laboratories U.K. Ltd., Basingstoke, U.K.). The 3' and 5'ends of the genes were obtained using gene-specific primers (Table 1) , designed based on the transcript sequences previously isolated (Ciocan et al., 2012) . Amplifications were performed in 50 µl reactions using a for 3 min. The RACE products obtained were analysed on agarose gels, excised and purified (Qiagen Ltd., Manchester, U.K.). Purified cDNA was ligated into a TA cloning vector (Invitrogen, Paisley, U.K.). Recombinant plasmids were transformed into competent E. coli and selected using 7 kanamycin LB plates. Plasmid was purified from transformants for DNA sequence analysis using commercial sequencing (MWG Biotech, Germany) to verify the identity of the product.
Validation of target gene expression in clam gonad samples from sampling sites along the English Channel
The gene expression of six target mRNAs and three reference mRNAs were analyzed using real (Table 1) . A control lacking cDNA template was included in qPCR analysis to determine the specificity of target cDNA amplification.
Amplification was detected with a Mx3005P real time PCR system (Stratagene, U.K.). For each target mRNA, melting curve, gel picture and sequences were analysed in order to verify the specificity of the amplified products and the absence of primer dimers. The amplification efficiency of each primer pair was calculated using a dilution series of cDNA. geNorm software was used to calculate the stability values for reference transcripts 28S, 18S, beta tubulin and actin in the gonadal samples (Vandesompele et al., 2002; Cubero-Leon et al., 2012) , Thereafter, the most stable reference gene, 28S mRNA, was used for normalization in the developing and mature gonadal samples. extracts, intersex and sex ratio among sites was also assessed by a principal component analysis (PCA), using the "dudi.pca" function (ade4 package).
Results
Intersex incidence at sampling sites
Following histological examination, the incidence of intersex and sex ratios were determined and are shown in (Table   2 ).
Androgen receptor antagonist (anti-androgen) and estrogen receptor agonist (estrogenic) activities were measured in the extracts of sediments collected from the sampling sites using steroid receptor transcription assays. Levels of estrogenic activity ranged from 0.07 ng estradiol equivalents/g dry weight of sediment (ng E 2 eq/g) for Wytch Farm to 0.8 and 1.3 ng E 2 eq/g for Parkstone and Northam respectively ( 
PCNA, RACK, CYB and COX1 had previously been identified as down regulated in S. plana
exhibiting intersex condition (Ciocan et al., 2012) . In this study of different environmental sampling locations, their relative gene expressions also differ significantly (Figure 2 ). In particular, PCNA gene expression was significantly decreased at Berck relative to all the other sampling sites ( Figure   2 ). RACK gene expression was also significantly decreased at Berck, Le Havre and Parkstone relative to all other sampling sites (Figure 2 ). CYB and COX1 followed a similar trend in that their gene expressions were both significantly decreased at Warsash and Parkstone, in addition to Totton, Berck and Northam for the latter relative to the remaining sampling sites (Figure 2 ). Of all the sampling sites examined, Berck and Parkstone thus stand out as two locations frequently displaying decreased PCNA, RACK, CYB and COX1 gene expressions relative to the other sampling locations.
Significant Spearman rank correlations were found between levels of selected target gene expressions as follows (Table 3) Table 3) . A significant negative correlation was found between anti-androgenic activity and intersex (ρ = -0.71, p = 0.047). Estrogenic activity and sex ratio were significantly correlated (ρ = 0.76 , p = 0.049), however this data should be viewed with caution as it was reliant on one site (Northam) which had a significantly different sex ratio to all others (Table 3) . Table 3 ). PCNA gene response is associated to the Avon sampling site (Figure 3 ). Intersex is negatively associated to estrogenic activity concentration. In contrast, concentrations of antiandrogenic activity are correlated to sex ratio and estrogenic chemical concentrations at Northam (Figure 3 ).
Discussion
In this study, nine sampling locations within the Transmanche region were characterised in terms of selected sediment EDCs contamination levels, incidence rates of intersex, and selected intersex- (Table 2) . Unfortunately the sediment chemistry analyses were not available for all the sampling sites, including Berck which displayed the highest intersex incidence, yet the partial data available remains in order to facilitate a comparison of the gene expression levels across all sample sites.
Differential relative gene expression for each of the target mRNAs was observed (Figure 2 ).
Ferritin and THEG relative expression were both significantly elevated in male gonads at selected sites (Wytch, St. Denys and to a lesser extent Avon and Northam) relative to other sampling sites (Figure 2) . In previous work, it was reported that elevated ferritin and THEG gene expression are associated with the intersex condition in clam S. plana (Ciocan et al., 2012) . Significantly higher ferritin and THEG gene expression at the Avon and Wytch sites correspond to an intermediate (~15%) intersex incidence (Table 3 ), yet do not however coincide with high estrogenicity and antiandrogenicity sediment levels ( Figure 3 ).
Ferritin is an iron storage protein with a central role in iron metabolism that is conserved in many species, including molluscs (Durrand et al., 2004; Li et al., 2011; Salinas-Clarot et al., 2011) .
Alterations in ferritin protein expression have previously been reported in the reproductive organs of the hermaphroditic snail, Lymnaea stagnalis, gonad of the red abalone, Haliotis rufescens, and hepatopancreas of Venerupis philippinarium, following exposure to tributyltin/testosterone, thermal stress, and metals/pathogens respectively (Guisti et al., 2013; Salinas-Clarot et al., 2011; Zhang et al., 2013) . While ferritin may thus respond to several stressors, this is less likely the case for THEG.
THEG encodes for a nuclear protein which is specifically expressed in spermatid cells, though its' role in differentiation of male germ cells has only been characterised for mammalian models to date Mannan et al., 2003; Nayernia et al., 1999) . Other than THEG up-regulation in clams exhibiting intersex condition (Ciocan et al., 2012) , there are no reports of differential regulation for this gene in any molluscan pollutant-induced 'omics approach studies to date. (Table 2) values were among the lowest. In contrast to the former genes, RACK and CYB were previously identified as down-regulated in S. plana exhibiting intersex condition (Ciocan et al., 2012) , and accordingly may represent normal phenotype. In this field application however, while RACK is down-regulated (Figure 2 ) at the sampling sites Parkstone and Berck relative to other locations, these two sites represent the most variable intersex incidences (0-53%)( Table 2 ).
The core of RACK1 is conserved across species, including molluscs (Siah et al., 2007) , reflecting its' important role as a shuttle or anchoring protein facilitating the targeting of protein kinase C proteins (PKCs) to their substrates (Liliental & Chang, 1998) . In mammals, RACK scaffold PKC activation also triggers androgen receptor translocation to the nucleus in the absence of a ligand (Rigas et al., 2003) . Herein, increased RACK expression is correlated, along with increased THEG, CYB and ferritin, with Wytch Farm sampling site and relatively low sediment EDC and intersex levels (Figures 2 and 3) . Down-regulation of RACK expression in gonadal tissue has been observed at Parkstone, LeHavre and Berck (Figure 2 ), the areas regarded as either EDC or intersex impacted relative to the other sampling sites (Figure 3 Table 2 ). Down regulation is also reported in TBTexposed clam, Mya arenaria (Siah et al., 2007 ), yet up-regulation has been observed in normal mature clam (Siah et al., 2007) , gills of oysters, Ostrea edulis, exhibiting disseminated neoplasia (Martin-Gomez et al., 2014) and metal-exposed mussel (Vattoro et al., 2013) perhaps reflecting several roles in cell signalling and proliferation.
CYB is a component of the respiratory chain complex in the mitochondrion and is highly conserved (Howell 1989) . In this study, increased CYB expression is strongly correlated with ferritin and Wytch Farm sampling site (Figure 3 ), considered a relatively low level of EDC contamination and intersex incidence site, as discussed above. A decrease in CYB expression has previously been reported in gill and digestive gland tissue from metal-exposed mussels (Varotto et al., 2013; Manelis et al., 1993) .
PCNA and COX1 relative expressions are elevated at Avon sampling site and to a lesser extent at St Denys/Northam (Figures 2 & 3) . Interestingly, intersex also shows a positive correlation with PCNA and Avon sampling site (Figure 3 ). Increased PCNA protein expression has previously been detected in histologically normal (Marigomez et al., 1999; Hanselmann et al., 2000; Harris et al., 2006; Franco et al., 2010) and neoplastic (Carella et al., 2013) mollusc tissues. In contrast,
PCNA down regulation has been reported in gill tissue of mussels experimentally exposed to metals (Varotto et al., 2013) . PCNA is an auxiliary protein of DNA polymerases and it's levels increase during G1-S phase of the cell cycle, and is involved in cell proliferation and DNA repair event (Paunesku et al., 2001) . In fish, elevated PCNA isoform expressions help drive the spermatogenesis process (Miura et al., 2002) . While in mammals, elevated PCNA is also implicated in the suppression of apoptosis (Witko-Sarsat et al., 2010) . PCNA can thus be regarded as a general response involved in the control of cell cycle, gamete production and apoptosis pathways, which in the context of normal reproduction perhaps allows generation of gametes at specific seasons (Franco et al., 2010) or in the context of intersex development, perhaps allows gonadal cells to divide inappropriately.
COX1 represents the terminal oxidase in respiratory chains located in the mitochondrial membrane (Poynton et al., 1988) and, again, is conserved across species. Herein increased COX1 expression correlates with the intersex condition and the St Denys/Avon sampling sites (Figure 3 ).
COX1 expression has previously been highlighted as differentially regulated, though subunit specific, in clam exhibiting intersex, mussels exposed to metals, and snail exposed to EDCs (Ciocan et al., 2012; Varotto et al., 2013; Giusti et al., 2013) . A study into the mechanistic toxicity of imposex in mud snail, Ilyanassa obsoleta, induced using the antifoulant compound irgarol, similarly reports COX1 up regulation (Finnegan et al., 2009) .
Several of the genes highlighted previously as differentially expressed in intersex clam gonadal tissue (Ciocan et al., 2012) , and analysed at sampling sites of differing contaminant burdens herein, could thus be considered as general stress indicators (PCNA, CYB, COX1, ferritin) that may be induced by a variety of pollutant classes generating many endpoints. For instance, elevated PCNA expression has previously been reported in mussels experimentally exposed to the common hydrocarbon contaminant, benzo[a]pyrene, as well as in neoplastic mussel haemocytes (Bollner et al., 2007; Carella et al., 2013) . While others, including the down-regulation of THEG and RACK in particular, may provide more specific indicators to the reproductive impairment end point/intersex condition. Yet THEG has failed to appear as differentially expressed in any omicsbased study involving stressor-induced responses using molluscs to date. Furthermore, in this environmental application, none of the gene transcriptions analysed correlated with intersex incidence. This highlights the difficulty in understanding the intersex phenomenon, and others, in molluscs where there is a still a general lack of knowledge in understanding the normal control of reproduction.
In summary, we have isolated and analysed the expression of six genes, previously identified as differentially expressed in gonadal tissue isolated from intersex clam, S. plana, in the gonadal tissue of normal individuals sampled at nine locations within the Transmanche region with differing EDC burdens and intersex incidences. Of the sampling locations analysed Wytch Farm is highlighted as having the lower sediment EDC levels and relatively low intersex incidence, while
Avon also has lower sediment EDC levels but a higher intersex incidence (Figure 3) . Northam, and
Parkstone to a lesser extent, are highlighted as the more contaminated sediment EDC burdens, which does not coincide with the higher incidence of intersex (Figure 3 ). In terms of gene expressions, a number of positive correlations were identified between genes and also sampling sites, yet no single gene expression correlated with intersex incidence alone. Table 1 . Primers designed for RACE and real-time PCR and expected amplicon size (bp). Table 2 . Incidence of intersex, sex ratios and sediment concentrations of endocrine disrupting activity at sampling sites. *Significantly different from unity, Chi squared test. n=30 for intersex incidence and sex ratio at each sampling site. n=3 analytical determinations for endocrine disrupting activity. nd-not determined. 
